ABSTRACT: Instability after total knee arthroplasty (TKA) can lead to suboptimal outcomes and revision surgery. Medially-stabilized implants aim to more closely replicate normal knee motion than other implants following TKA, but no study has investigated knee laxity (motion under applied loads) and balance (i.e., difference in varus/valgus motion under load) following medially-stabilized TKA. The primary purposes of this study were to investigate how medially-stabilized implants change knee laxity in non-arthritic, cadaveric knees, and if it produces a balanced knee after TKA. Force-displacement data were collected on 18 non-arthritic cadaveric knees before and after arthroplasty using medially-stabilized implants. Varus-valgus and anterior-posterior laxity and varus-valgus balance were compared between native and medially-stabilized knees at 0˚, 20˚, 60˚, and 90˚under three different loading conditions. Varus-valgus and anterior-posterior laxities were not different between native and medially-stabilized knees under most testing conditions (p ! 0.068), but differences of approximately 2˚less varus-valgus laxity at 20˚of flexion and 4 mm more anterior-posterior laxity at 90ẘ ere present from native laxities (p 0.017) Medially-stabilized implant balance had 1.5˚varus bias at all flexion angles. Future studies should confirm if the consistent laxity afforded by the medially-stabilized implant is associated with better and more predictable postoperative outcomes. ß 2018 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 37:335-349, 2019.
Total knee arthroplasty (TKA) is a common surgical intervention for the management of advanced knee osteoarthritis (OA), yet approximately 20% of patients cite some measure of dissatisfaction with the outcome.
1,2 Instability after TKA can lead to suboptimal outcomes, such as pain, quadriceps dysfunction, and decreased ambulatory capacity. 3 Additionally, instability is a leading cause of TKA revision and accounts for up to 26% of early and 18% of late TKA failures. 4 Accurate surgical technique (e.g., component alignment and soft tissue balancing) is an important factor in producing a stable knee after TKA, but surgical technique is known to be variable and difficult to repeat. [5] [6] [7] [8] [9] [10] Transverse plane component alignment may vary by as much as 13-16˚of internal-external rotation for the femoral component 5 and 44-46˚of internal-external rotation for the tibial component. 10 Additionally, Griffin et al. 8 found that even with "meticulous attention," perfect soft tissue balancing was only achieved in 8 out of 104 knees (7.7%) included in their study. Improper implant placement and the challenge of tissue balancing lead to instability, pain, effusion, tightness, wear, and revision surgery. 3, 7, 11, 12 Implant design is another important factor in achieving a stable knee after TKA, but conflicting evidence exists for which implant design concept is "best." 13 Some studies report that posterior-stabilized (PS) TKA tended to produce more lax knees than cruciate-retaining (CR) TKA, 14 while others show no difference between the two types of implants. 15 The medially-stabilized (MS) implant was designed to mimic natural knee motion by employing a "ball-andsocket" construct to selectively constrain the medial femoral-tibial articulation. 16, 17 Previous studies using MS implants have reported higher patient satisfaction after TKA than with more traditional implants, 18 and both cadaveric and in-vivo studies have verified that this implant provides motion similar to a native knee during deep knee bends. 19, 20 However, no study to date has investigated how an MS TKA implant may affect soft tissue laxity following TKA.
The primary purposes of this study were to investigate how an MS implant changes knee laxity in nonarthritic, cadaveric knees, and if it produces a balanced knee after TKA. We hypothesized that, in nonarthritic cadaveric knees (i) MS TKA knee laxity does not differ from the pre-implant condition and (ii) MS TKA can result in a balanced knee after TKA (i.e., equal magnitudes of varus/valgus excursion under a given load).
METHODS
Knee laxity and balance data were collected for 18 knees from nine fresh-frozen hemi-corpuses (5 male and 4 female donors, average age was 72.9 AE 14.7 years (range 42-87)) using our custom navigation system and laxity device. [21] [22] [23] We performed a priori power analyses to determine the number of specimens needed for the varus-valgus laxity comparisons between native and MS TKA knees. For this a priori power analysis, we assumed a difference of 6˚based on the original Knee Society Scoring System, 24 where points are deducted if varus-valgus (VV) joint laxity with the knee in extension is greater than 6˚. For comparisons between native and MS TKA knees, we used a standard deviation of 1.9˚, based on the standard deviation of native knee laxity collected previously in our lab for studies using posterior stabilizing (PS) 25 and cruciate retaining (CR) 26 TKA implants. Accounting for eight pairwise multiple comparisons between native and MS TKA VV laxity measures, we determined that at least six specimens were needed to achieve a power of 0.9 with an a ¼ 0.006.
The custom navigation system and laxity device have been previously described in detail [21] [22] [23] and are briefly summarized here. The custom navigation system consists of a Polaris Spectra camera (Northern Digital, Inc. Waterloo, ON) and six optical trackers fitted with retro-reflective passive marker arrays (Northern Digital, Inc.), which communicate using MATLAB (MathWorks, Natick, MA) and LabVIEW (National Instruments, Austin, TX) software programs. The navigation system has a linear accuracy of less than 2 mm and a worst-case angular accuracy of approximately 1.25˚in the transverse plane. 21 In conjunction with the navigation system, we used a custom sterilizable laxity device that has been used to collect knee laxity data in both cadavers 25, 26 and in patients inside the operating room undergoing TKA. 27 The laxity device consists of a rail, a pivot, a handle containing a load cell, a modified Alvarado boot, a varus-valgus (VV) slider cart, and an anteriorposterior (AP) bracket. The device interfaces with the navigation system to record knee motion while applied loads are recorded via the instrumented handle. This device was previously validated and showed low mean errors no greater than 0.98 AE 3.93 N and À0.11 AE 0.73 Nm, respectively.
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Before data collection, the laxity device was calibrated with the custom navigation system. Then, an experienced orthopedic surgeon (MDB or DWM) exposed the knees using a medial parapatellar approach and visually inspected the knee for OA and noted disease severity. In this cohort, two knees had signs of mild patellofemoral OA, one knee had signs of mild medial OA, and all other knees (n ¼ 15) had no signs of knee OA. After inspecting the knees, the surgeon then attached optical trackers from the surgical navigation system to the femur and the tibia. Femoral and tibial anatomic reference frames were established according to methods described previously, 21 and tibio-femoral kinematics were calculated using the convention provided by Grood and Suntay. 28 We recorded force-displacement data at 0˚, 20˚, 60˚, and 90˚of knee flexion by simultaneously measuring the motion at the knee with the navigation system and the forces applied to the lower limb by the surgeon via the calibrated instrumented handle. 23 While a member of the research team helped stabilize the pelvis, the surgeon applied varusvalgus moments in the frontal plane and anterior-posterior forces in the sagittal plane. We sought to apply a minimum load to each specimen, as informed by previous laxity studies found in the literature. For VV testing, that threshold load was AE7.5 Nm with the knee in full extension, 29 and the threshold for AP laxity was defined as the displacement under a load of AE90 N with the knee at 30˚of flexion. 30 We aimed to achieve those loads at all flexion angles, but maximum loads varied based on how much load the surgeons felt they could apply without damaging the specimens. Because of that influence exhibited by the surgeons, not all knees at all angles reached these defined loads, while many knees achieved loads greater that these targets. (Please see Appendix A for a complete listing of all loads that were applied to all knees at all flexion angles).
After data collection in the native knees, the surgeons performed a TKA using a measured resection technique and a Medacta GMK Sphere MS implant (Medacta Int'l, Inc., Switzerland). The surgeons removed both cruciate ligaments and menisci and cut the distal femur and proximal tibia in a manner that aimed to establish a neutral mechanical axis of the lower extremity. In the sagittal plane, they sought to restore the J-curve of the femur and cut a posterior slope of 2-4˚on the tibia. The surgeons aligned the femoral component in the transverse plane with the transepicondylar axis using Whiteside's line as a reference and aligned the tibial component using the medial third of the tubercle. The surgeons then used 10 mm sizing blocks to check axial alignment and frontal plane laxity and then sized the femoral component. Soft tissue releases were performed on only two of the knees in this cohort. After the surgeons made final cuts and were satisfied with trial implants, the trials were removed and bone cut orientations were measured using a calibrated plate probe from the custom navigation system. 21 Both the tibial and femoral components were then cemented to the bone, and the surgeons chose a tibial polyethylene insert with a thickness that best restored the joint line of the knee. Polyethylene inserts were available in 1 mm increments from 10 to 14 mm, and then in 2 mm increments thereafter, and were chosen by the surgeons after they performed a standard varus/valgus exam and assessed the amount of gapping based on their own personal surgical experiences. We then re-collected the force-displacement data after TKA at 0˚, 20˚, 60˚, and 90˚of knee flexion using the same methods as before TKA.
These force-displacement data were used to characterize VV knee laxity and balance and AP laxity for the knees before and after TKA by plotting the applied load versus the displacement (degrees for VV rotation and millimeters for AP laxity), as has been done in previous studies.
26,31,32 A third order polynomial was fitted to the raw data for each test, and laxity was determined for three different applied loads: the minimum load that was applied to all specimens at a given flexion angle, the maximum applied loads, and the threshold loads used in similar studies (AE7.5 Nm or AE90 N). 29, 30 If the maximum applied load for a given measurement was smaller than the targeted threshold level, the maximum applied moment or force was used for the calculation of VV and AP laxity, respectively. We defined VV balance as the magnitude and directional difference in varus-valgus excursion (in degrees) that occurred when the surgeon applied the moment to the knee. The neutral angle of the knee occurred under zero Nm applied moment, and a "perfectly balanced" knee resulted in the same amount of varus and valgus motion with respect to this neutral VV angle. Three knees were not tested preoperatively at 60˚due to experimental errors. Two knees were excluded from our pre-operative analysis at 90˚due to measurement errors that occurred during testing. Additionally, two knees were excluded from post-operative analysis at 90˚because they experienced ligamentous damage (avulsion of either MCL or LCL) during the repeated testing.
Several different statistical tests were used to address our hypotheses. We used paired t-tests to compare VV and AP laxities of the MS TKA and native knees at 0˚, 20˚, 60˚, and 90˚knee flexion and to compare VV balance after MS TKA with VV balance of the native knees. We used one sample ttests to compare VV balance after MS TKA to "perfect" VV balance (i.e., difference of varus excursion and valgus excursion would be "0"). All statistical analysis using Minitab Statistical Software Version 16 (Minitab, Inc. State College, PA). Since preoperative laxity may influence post-operative laxity, 33 we used Pearson's correlation coefficient and Spearman's rho (in the case of non-normally distributed data) to 336 HALL ET AL.
determine the relationship between preoperative and postoperative laxities.
RESULTS
Nineteen out of 23 measurements of laxity in the frontal and sagittal planes were not different between the preoperative condition and the MS TKA knees (Tables 1 and 2 ). The two statistically significant differences in varus-valgus laxity were small in magnitude. For the minimum common moment at 60˚knee flexion, MS TKA knees had approximately 0.6˚more VV excursion than the native knees. At maximum applied moment at 20˚knee flexion, MS TKA knees had approximately 2˚less VV excursion than the native knees. In the AP direction, MS knees were not different than the native knees, except at 90k nee flexion, where the MS knees had approximately 3.5-4 mm more excursion than the native knees under both AE90 N and maximum applied forces ( Table 2) . Except for varus-valgus laxity at 90˚of knee flexion, preoperative laxity was not related to post-operative laxity (Appendix B).
Varus-valgus balance of MS TKA knees was not significantly different from the VV balance of the nonosteoarthritic knees before TKA for any flexion angles tested, and it was not significantly different from "perfect" balance at 0˚and 90˚knee flexion (Table 3 ). There were statistically significant differences from "perfect" balance for the MS TKA knees at mid-flexion (20˚and 60˚), where they had a less than 1˚varus bias under AE7.5 Nm and less than 1.5˚varus bias under maximum applied moments (p 0.041 and p 0.009, respectively).
DISCUSSION
Medially-stabilized TKA implants were designed to restore more natural knee motion and potentially improve clinical outcomes. This study aimed to measure the changes in knee laxity and balance following TKA with MS implants. We partially accept our first hypothesis regarding a change in laxity, as VV laxity at midflexion angles was smaller and AP laxity at high flexion angles was greater in cadaveric knees after MS TKA compared with the native, non-osteoarthritic condition. We also partially accept our second hypothesis, as MS TKA knees were balanced at 0˚and 90k nee flexion, but minimal imbalance of less than 1o ccurred at 20˚and 60˚knee flexion. In general, MS knees did not change knee laxity from the preoperative condition and were balanced after surgery. Although there were some statistically significant differences before and after TKA in the MS knees, these differences were small. In the AP direction, the MS knees differed from the native knees by 4 mm at most, which is less than the recommendation by the Knee Society Score (<5 mm for no deduction). 24 The largest changes we observed in VV laxity in the MS knees were on the order of 1-2˚, which is again smaller than the recommendation by the Knee Society Score (<6˚for no deduction). 24 Furthermore, these changes occurred during mid-flexion and were less lax after surgery, which supports the MS TKA implant's claim to provide better mid-flexion stability than PS or CR implants. 16 The MS knees were not significantly different from perfect balance at 0˚and 90˚knee flexion, and the 1˚differences observed at 20˚and 60˚knee flexion were considered small according to the Knee Society Score. 24 However, these slight imbalances suggest that even if the surgeon achieves balance at 0˚and 90˚knee flexion, there may be slight imbalance at midflexion angles. Our study agrees with D'Lima et al., 34 as they also observed balance at 0å nd 90˚knee flexion but not at mid-flexion angles in CR knees in vivo and in vitro. Regardless of implant, the small imbalances observed during mid-flexion angles in both studies suggest that clinically measuring VV balance at angles other than 0˚and 90˚may be an important step in improving knee stability in patients after TKA. The minimum common moment was not tested at 0˚knee flexion, as all knees reached AE7.5 Nm. Three specimens were not measured at 60˚before TKA. Four specimens were not included in the analysis at 90˚because of incomplete measurements before surgery (n ¼ 2) or ligamentous damage during testing after TKA (n ¼ 2). Varus-valgus laxity of the MS knees was not different than native knees except at 20˚knee flexion and maximum applied load, as indicated by
.
MEDIALLY-STABILIZED TKA LAXITY AND BALANCE
We previously used the same experimental equipment and procedures in our lab to investigate knee laxity at full extension with posterior stabilizing (PS) 25 and cruciate retaining (CR) 26 TKA implants. Since those different devices were implanted at different times in different populations of cadavers, it is not possible to solely rely on those data to definitively state whether one design is superior to another or to the MS implants from the present study. The differences in laxities between studies could be attributed to a number of factors other than component design. While acknowledging that limitation, a cursory examination of the results across the three studies suggests that while all three implants can produce a balanced knee when implanted in non-osteoarthritic cadaveric knees at full extension, MS implants may have less laxity and less variability of VV and AP laxity compared to PS and CR designs across different cohorts of cadaveric knees. For example, under AE7.5 Nm applied moment, VV balance of MS knees had a 95% confidence interval from 0.03˚to 2.3˚, while PS and CR knees' 95% confidence intervals were from 2.0t o 9.9˚and 3.5˚to 9.5˚, respectively. If a balanced and stable knee can be achieved primarily through implant choice, this choice could improve postoperative results, thereby improving the overall patient satisfaction after TKA.
35 These preliminary observations should be thoroughly researched in future studies to determine how the variability in joint laxity is associated with the consistency of patient outcomes.
This study has several limitations. The primary limitation is that these data were collected on cadaveric specimens with minimal OA, which is different from the severe OA seen in the TKA population. Future studies should confirm in vivo that MS TKA design can provide consistently stable knees and compare the differences in knee stability between CR and PS TKA designs. Another significant limitation is that no compressive load was applied to the knee via simulated muscle forces, or other means, so the way in which our experimental laxity applies to an active weight bearing activity is unclear. While our approach is similar to the laxity tests that are commonly performed intra-operatively by surgeons during a TKA, conformity of knee condylar surfaces have a greater contribution to the The minimum common moment was not tested at 0˚knee flexion, as all knees reached AE7.5 Nm. Three specimens were not measured at 60˚before TKA. Four specimens were not included in the analysis at 90˚because of incomplete measurements before surgery (n ¼ 2) or ligamentous damage during testing after TKA (n ¼ 2). Cases that were significantly different than zero are indicated by Ã (p < 0.05). MS knees were balanced mediolaterally at 0 and 90˚of knee flexion but were looser in the varus direction at 20˚and 60˚of knee flexion. stability of the knee when the joint is under compressive load. 36 Finally, it is difficult to assess the role of soft tissue release in TKA laxity in this study, as little release was necessary to complete TKA in these predominantly non-arthritic specimens.
In conclusion, our results indicate that the MS TKA implant did not greatly change the preoperative laxity and balance of a non-OA cadaveric cohort. Although our results suggest that the MS TKA knee laxity and balance is close to that of the native knee, it is unknown if the post-implant knee laxity and balance observed in this study is related to improved clinical performance and patient-reported outcomes. Future studies should include objective measures of knee laxity in patients undergoing TKA to confirm if the laxity afforded by the MS TKA knees is associated with better and more predictable post-operative outcomes.
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